Introduction
============

Anorexia nervosa (AN) is a severe disorder strongly associated with the female sex and with a number of neurobiological correlates. A review of twin studies suggests a strong genetic vulnerability, with heritability rates ranging from 28% to 74%.[@b1-ndt-12-2419] Furthermore, the disorder is associated with several obstetric and perinatal factors.[@b2-ndt-12-2419],[@b3-ndt-12-2419] In addition, patients suffering from AN have frequently been found to share personality and temperamental features such as perfectionism, rigidity, obsessive--compulsiveness, introversion, and neuroticism.[@b4-ndt-12-2419],[@b5-ndt-12-2419] AN is also associated with a number of cognitive difficulties,[@b6-ndt-12-2419],[@b7-ndt-12-2419] especially low set-shifting abilities[@b8-ndt-12-2419] and poor central coherence.[@b9-ndt-12-2419],[@b10-ndt-12-2419]

Structural brain alterations have been described in AN patients.[@b11-ndt-12-2419] Electrophysiological alterations have also been reported, but these studies are few in number and the methods have varied considerably. Although many AN patients seem to have normal electroencephalograms (EEGs),[@b12-ndt-12-2419] a substantial number of patients may have abnormal slowing of background activity or even atypical spike discharges.[@b13-ndt-12-2419]

With a quantitative EEG (qEEG), it is possible to localize areas with abnormal brain activity in relation to different frequency bands,[@b14-ndt-12-2419] but few studies have reported resting qEEG in AN patients. In previous AN studies, reduced 8--13 Hz alpha rhythm amplitude has been reported to occur in posterior regions;[@b13-ndt-12-2419],[@b15-ndt-12-2419] anterior regions;[@b16-ndt-12-2419] or across frontal, temporal, and parietal areas.[@b17-ndt-12-2419] Results regarding 4--7 Hz theta activity are variable, as either increased posterior theta[@b16-ndt-12-2419] or normal theta levels[@b15-ndt-12-2419] have been reported in relaxed wakefulness in AN patients. Slow 0--3 Hz delta activity in wakefulness, an EEG sign of more severe brain dysfunction, has seldom been reported in AN outpatients. In this context, it is important to clarify if reproducible qEEG signs of brain dysfunction can be confirmed, because such data can clarify the importance of organic compared to psychological factors in AN.

The major aim of this study was to examine regional absolute EEG delta, theta, and alpha amplitudes in patients with AN, and, employing a blind study, to contrast these EEG data with results from a group of comparable healthy controls. Secondary variables -- relative regional EEG amplitudes -- were also explored for possible differences.

Materials and methods
=====================

Participants
------------

Inclusion criteria for the patient group were: AN as the primary diagnosis at the time of recruitment, Norwegian as the first language, and the patient's somatic ability to complete the assessment. Exclusion criteria included confirmed brain damage, psychosis, diabetes, chronic fatigue syndrome, neurological disease, and neuropsychiatric disorders. A total of 22 female patients with AN fulfilled the criteria. One patient had to be excluded because she was a demographic outlier with no comparable healthy control, leaving a group of 21 patients with AN. At the time of recruitment, 19 of the patients were inpatients and two were outpatients. All patients were in a weight-restoration phase, and to the best of our knowledge, none of them were in a state of starvation. The patients were in different stages of their treatment, and at the time of recruitment, three patients weighed above the weight criterion for AN, according to the criteria of the *Diagnostic and Statistical Manual of Mental Disorders, 4th Edition, Text Revision*.[@b18-ndt-12-2419] The included patients were using their regular medication. At the time of recruitment, 16 patients used either nontricyclic antidepressants (n=14) or antipsychotics (n=6).

A control group of 25 participants of the same age and sex and with the same educational characteristics were recruited for comparison. Exclusion criteria were the same for the control group and patients, with the following supplementary criteria: current or prior eating disorder or eating problems, being on a diet for weight reduction, a body mass index \<19 kg/m^2^ or \>26 kg/m^2^, and/or currently having a psychiatric diagnosis. One control met the exclusion criteria and was therefore excluded. The demographic and clinical characteristics of the sample are presented in [Table 1](#t1-ndt-12-2419){ref-type="table"}. Written informed consent was acquired from all participants in accordance with the Declaration of Helsinki.

Procedure
---------

EEG was recorded (NicOne Nervus 5.11, Natus Medical Incorporated Pleasanton, CA, USA) and digitized (256 Hz sample rate) from 16 scalp electrodes according to the 10--20 system, with the participant in supine position and relaxed with closed eyes. All EEGs were scheduled for the morning; one was recorded at 9 am and the rest at approximately 10 am. Participants were asked to open and close their eyes every minute to avoid drowsiness, and eye movements were recorded. EEG sequences without artifacts were selected and analyzed using Harmonie software (Stellate Systems, Quebec, Canada) by a clinical neurophysiologist who was blind to the participants' clinical status prior to the qEEG analysis.

A fast Fourier transform was applied to source-derivation referenced 4-second sections after cosine tapering (no overlap). For each EEG narrow band -- delta (0.75--3.75 Hz), theta (4.00--7.75 Hz), alpha (8.00--12.75 Hz), and beta (13.00--30.00 Hz) bands -- and EEG electrode, we calculated the average absolute amplitude (from the square root of the power in μV[@b2-ndt-12-2419]). Regional averages within the frontocentral (EEG locations F3, F4, C3, and C4), temporal (T3, T4, T5, and T6), and parietooccipital (P3, P4, O1, and O2) regions were calculated as main variables, followed by single-electrode testing within regions of interest (defined as regional *P*-values below 0.10). A custom-made peak-finding algorithm for the O1 and O2 combined mean spectral curve also calculated occipital alpha peak frequency.

As secondary variables for exploratory analysis, we also calculated relative band amplitudes (narrow band amplitude/total 0.75--30 Hz band amplitude) for each EEG band and region.

A normalizing transformation was applied to all variables (square root for band amplitudes), followed by two-group Student's *t*-test (pooled variance). A *P*-value below 0.05 was considered significant.

Participants also underwent neuropsychological testing and evaluation, including the Wechsler Adult Intelligence Scale, 3rd Edition (WAIS-III).[@b19-ndt-12-2419] The majority of patients and controls belonged to a larger study group examined for neuropsychological performance in previous publications.[@b20-ndt-12-2419],[@b21-ndt-12-2419] The study was approved by the Regional Committees for Medical and Health Research Ethics (reference 4.2007.2229).

Results
=======

Participant characteristics are presented in [Table 1](#t1-ndt-12-2419){ref-type="table"}. There was no difference between the AN group patients and controls in age, years of education, full-scale IQ, or any of the WAIS-III indexes.[@b19-ndt-12-2419] Both groups were in the upper intelligence quotient (IQ) range, as measured by the general ability index[@b22-ndt-12-2419] derived from the WAIS-III.[@b19-ndt-12-2419]

No epileptiform EEG activity was observed. Occipital alpha peak frequency was mean (standard deviation \[SD\]) =10.55 (0.93) Hz in AN and 10.25 (0.85) Hz in controls (Student's *t*-test, *P*=0.26). Regarding the main qEEG variables (absolute amplitude), no difference in delta or alpha bands was observed. A strong trend toward increased regional frontocentral theta (*P*=0.051) was observed in AN patients. AN subjects had significantly increased theta activity at both the left (F3; *P*=0.014) and right (F4; *P*=0.038) frontal electrodes ([Figure 1](#f1-ndt-12-2419){ref-type="fig"}). This difference was preserved when patients on antipsychotics were excluded (*P*=0.012 and 0.022, respectively).

There were also a few significant "relative" amplitude differences between the two groups ([Table 2](#t2-ndt-12-2419){ref-type="table"}) in parietooccipital delta and frontocentral alpha activity. A borderline significant difference was found in relative temporal delta activity. We found no significant group differences, however, in absolute frontocentral alpha or temporal and parietooccipital delta amplitude from either regional variables ([Table 2](#t2-ndt-12-2419){ref-type="table"}) or single EEG electrodes.

Discussion
==========

Anorexia subjects in this study had increased absolute theta amplitudes in both the right and left frontal regions. Theta activity was normal over the posterior frontal lobe margin close to the central sulcus, possibly because this central EEG activity is also influenced by anterior parietal lobe activity. Hence, a more middle/anterior frontal lobe EEG disturbance may be present in AN patients. Grunwald et al[@b23-ndt-12-2419] also mentioned that AN subjects had an increase in frontal theta during "haptic exploration". Rodriguez et al[@b15-ndt-12-2419] did not report theta abnormalities in AN subjects, but their method (amplitude of low-resolution brain electromagnetic tomography \[LORETA\] sources) is not comparable to ours.

Increased frontal theta activity is an unspecific finding. Drowsiness can probably be ruled out, given that subjects were activated during recording, epochs with drowsiness were not included in the fast Fourier transform, occipital alpha was not slowed, and theta was not increased in the parietooccipital area. Frontal theta is reported to occur in young adults in a highly emotional state,[@b24-ndt-12-2419] as a frontal arousal rhythm,[@b25-ndt-12-2419] or while performing mental tasks,[@b26-ndt-12-2419],[@b27-ndt-12-2419] possibly related to retrieval of episodic memory information in the anterior limbic system.[@b28-ndt-12-2419],[@b29-ndt-12-2419] It should be emphasized that in the majority of cases, frontal theta is to be regarded as a normal EEG phenomenon.[@b30-ndt-12-2419]

Reduced functional activation of various parts of the frontal cortex has been reported in AN patients. Phillipou et al[@b31-ndt-12-2419] made a systematic review of the research to date, which consisted of typically small studies with relatively variable results. They found that a number of structural and functional changes have been reported in various parts of the brain in AN patients, including enlargement of cortical sulci and ventricles, changes in the gray and white matter, and changes in the basal ganglia. A reduction in volume and gray matter in the anterior cingulate cortex and reduced functional activation of various parts of the frontal cortex have also been reported in AN patients. Accordingly, it is possible that our main EEG findings reflect a slightly disturbed frontal lobe dysfunction in AN.

There were no differences in regional absolute amplitude values between AN subjects and controls for either delta or alpha activity, although frontocentral relative alpha and parietooccipital relative delta were slightly lower in AN subjects compared to controls. Because low relative alpha power has been reported by others,[@b15-ndt-12-2419]--[@b17-ndt-12-2419] and mean alpha frequency tended to be higher in AN subjects than in controls, we suggest that the present EEG pattern can be related to increased attention among AN patients. Increased attention may, in addition to increased frontal theta, explain reduction of relative alpha and delta amplitude,[@b32-ndt-12-2419] as demonstrated in various event-related desynchronization protocols.[@b33-ndt-12-2419] Prominent theta power enhancement over frontal regions during various working memory and episodic memory tasks has been consistently reported, but the functional significance of these oscillations in memory processes remains unclear.[@b34-ndt-12-2419] EEG-based neurofeedback has also been explored recently as a possible treatment option for AN.[@b35-ndt-12-2419]

Frontal midline theta is most pronounced during the performance of mental tasks, even though it may occur at rest.[@b36-ndt-12-2419] It has also been suggested that personality traits and platelet monoamine oxidase (MAO) activity may be related to frontal midline theta activity.[@b36-ndt-12-2419] This possibility has not yet been examined for AN, however.

The suspected mechanism leading to the more severe EEG changes previously reported among inpatients with anorexia may start with malnutrition leading to inadequate brain metabolism, particularly related to decreased electrolyte and glucose levels.[@b13-ndt-12-2419] This, in turn, can produce neuronal and synaptic dysfunction reflected by excessive slowing, spikes, instable EEG-hyperventilation responses,[@b13-ndt-12-2419] and reduction of the alpha rhythm amplitude. Our study, however, was performed in subjects in treatment with a relatively high average IQ. The mean general ability index of the participants in both groups was more than 1 SD above the normative mean. Hence, no evidence of clinically significant higher-order brain dysfunction was found in our AN cohort, either from a neuropsychological or an EEG point of view. Although the association between EEG and IQ is weak and variable,[@b32-ndt-12-2419],[@b37-ndt-12-2419] this high IQ also suggests that excess frontal theta does not reflect established brain dysfunction in our AN subjects.

Limitation
==========

A limitation of this study was the symptomatic psychotropic medication that the majority of AN patients had to use. Because it can, at least with large doses, cause EEG slowing,[@b38-ndt-12-2419] drug effects cannot be ruled out completely. Because the frontal theta difference was not weakened by excluding the subgroup using the (most potent) antipsychotic medications, however, drugs might probably not explain our main finding.

Conclusion
==========

Our blind study suggests that frontal lobe EEG theta activity is increased in AN. This EEG pattern, with frontal theta and slight alpha and delta changes, may suggest a different average level of arousal (vigilance) or attention. It could also reflect different mental state or trait in the AN group compared to the matched control group, possibly related to a frontal lobe dysfunction. Longitudinal studies are required to follow patients over time, in order to decide whether EEG is stable or changes as a result of AN severity fluctuations or other less disease-specific factors, such as emotional instability, mood changes, or metabolic or nutritional factors.
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###### 

Demographic variables

  Variables                      Anorexia (n=21)   Control (n=24)   *P*-value[a](#tfn1-ndt-12-2419){ref-type="table-fn"}
  ------------------------------ ----------------- ---------------- ------------------------------------------------------
  Age, years                     24.5 (7.6)        24.5 (6.7)       0.99
  BMI, kg/m^2^                   16.1 (2.0)        22.6 (2.0)       \<0.001
  Nadir BMI, kg/m^2^             13.4 (2.0)        20.7 (1.9)       \<0.001
  Number of years of education   13.1 (2.5)        13.2 (1.4)       0.97
  FIQ                            108.3 (19.5)      111.6 (13.7)     0.51
  VCI                            109.5 (18.3)      112.0 (13.8)     0.60
  POI                            115.6 (20.6)      115.7 (13.0)     0.99
  WMI                            96.0 (17.3)       100.6 (11.2)     0.29
  PSI                            100.8 (16.2)      105.4 (12.5)     0.28
  GAI                            115.1 (20.5)      115.9 (14.2)     0.88

**Note:**

Independent samples Student's *t*-test.

**Abbreviations:** BMI, body mass index; FIQ, full-scale intelligence quotient; GAI, general ability index; POI, perceptual organization index; PSI, processing speed index; VCI, verbal comprehension index; WMI, working memory index; SD, standard deviation.

###### 

Absolute and relative quantitative EEG amplitudes

  Variables                               Absolute amplitudes (μV)   Relative amplitudes (0--1)                                           
  --------------------------------------- -------------------------- ---------------------------- ----------- ------------- ------------- -----------
  Frontocentral delta amplitude (μV)      4.05 (0.94)                4.01 (1.09)                  0.84        0.21 (0.03)   0.21 (0.03)   0.41
  Temporal delta amplitude (μV)           4.82 (1.53)                5.52 (1.49)                  0.11        0.18 (0.03)   0.20 (0.03)   **0.046**
  Parietooccipital delta amplitude (μV)   4.73 (1.76)                5.33 (1.53)                  0.17        0.16 (0.03)   0.18 (0.03)   **0.022**
  Frontocentral theta amplitude (μV)      3.89 (1.87)                2.97 (0.92)                  **0.051**   0.17 (0.03)   0.17 (0.02)   0.44
  Temporal theta amplitude (μV)           5.26 (3.08)                4.41 (1.48)                  0.35        0.17 (0.04)   0.16 (0.03)   0.80
  Parietooccipital theta amplitude (μV)   5.20 (3.06)                4.49 (1.96)                  0.45        0.16 (0.04)   0.15 (0.03)   0.57
  Frontocentral alpha amplitude (μV)      4.26 (2.20)                4.00 (1.72)                  0.74        0.19 (0.03)   0.21 (0.03)   **0.005**
  Temporal alpha amplitude (μV)           7.60 (3.70)                7.38 (3.09)                  0.89        0.25 (0.05)   0.25 (0.03)   0.76
  Parietooccipital alpha amplitude (μV)   10.40 (4.63)               10.85 (4.64)                 0.72        0.30 (0.05)   0.32 (0.05)   0.21

**Notes:**

Student's *t*-test. Significant values are in bold fonts.

**Abbreviations:** EEG, electroencephalogram; SD, standard deviation.
